To improve the survivability of ship structures at underwater explosion, thin steel plates coated with polyurea were used to investigate the blast protection effect. During the experimental tests of bare steel plates at different standoff, an appropriate distance was selected as the reference standoff to perform the tests of coated plates. Experimental tests of different coating locations (front versus back) and coating thickness were carried out to study the influencing factors of blast resistance for metal substrate plates. Compared with the bare steel plates, the polyurea coating was found to reduce the deformation of the test plates at blast tests in both cases of the front and back surface locations of the polyurea layer. An increase in the coating thickness also mitigates substantially the deformation of plates. In addition, the properties of the material and the substrate-coating bond strength may also affect the protective effect of the polyurea coating.
Introduction
e threat of terrorism in recent years has prompted research into the importance of structural protection of surface ships. On October 12, 2000, the USS Cole was attacked in Aden Harbor, Yemen [1] . e terrorist attack did serious damage on the ship and caused huge economic loss. After the terrorist attack, the importance of materials used to improve the survivability of ships had been focused on.
A series of studies have been carried out to investigate the effect of polymer coatings on different structures when subjected to blast damage or penetration in recent years. e results show that polymer coatings improve the ballistic resistance and explosive resistance of metal structures and buildings [2] [3] [4] [5] [6] [7] [8] . When brick wall or concrete structure collapses under the impact of explosive loading, the debris of bricks crush splash. Once the surface of the wall or concrete structure was coated with polyurea, free flying of the fragments of the back face of such structures after blast was prevented [2] [3] [4] .
Other studies had found that polymeric coating increases the impact resistance of hard substrates, such as metal or composite structure [6] [7] [8] [9] [10] [11] . Amini et al. [6] investigated the effect of a polyurea layer casted on the back of a plate under dynamic shock. It was found that polyurea enhanced energy absorption and mitigated the failure of steel plates. Ackland et al. [11] performed experimental and numerical studies of the blast resistance of mild plates coated with polyurea on the back face under local explosive loading.
e results showed the residual deformation increase along with the increase in the coating thickness. Besides, Ackland et al. [10, 12] found reduction in deformation of mild steel plates when polyurea coating casted on their back side. Furthermore, they found that the blast resistance effect of a thicker coating on the back surface was superior than that of a thinner one. Roland et al. [8, 9] applied elastomeric coatings on the front face to enhance the ballistic resistance of steel armor under impact loading generated by a highspeed projectile. Furthermore, polymer-metal laminates were also used to improve the ballistic performance, and they provided superior ballistic protection than uniform polyurea coatings.
When applying polymeric material to enhance the blast resistance of the hard substrate, the location of the polyurea layer on the front or back face is important. Influencing factors should be taken into account [12] [13] [14] [15] .
Ackland et al. [12] applied commercially produced coatings on the surface of mild steel plates to carry out close-in blast experimental tests in air. It was found that the deformation of the steel plate coated with polyurea on the front face was even larger than that of the bare steel plate. However the polyurea coated on the back face e ectively reduced the deformation of the plate at blast tests. is proved that the polyurea layer coated on the back face of the mild plate was more e ective in increasing the blast resistance e ect than that applied on the front face. Amini et al. [13] [14] [15] investigated the e ect of the polyurea coating on the front and back faces of steel plates. When the coating was sprayed on the front face of the circular steel plate, the compression of the polyurea under the shock loading increased its sti ness, resulting in a better impedance match with the steel plate. us, the coating on the loading face of a plate transfers more energy to the plate promoting the failure of steel plates. Contrary to that, the coating deposited on the back face of steel captures and dissipates some energy of initial shock loading impacted on the steel plate.
at resulted in reducing the deformation and avoiding plate fracture.
According to the results of researchers above, polyurea coatings could be considered to reduce the vulnerability of ship structures subjected to underwater blast loading.
In this paper, a series of underwater near-eld explosion tests were carried out to investigate the e ect of the polyurea coating on thin steel plates. e research was focused on the questions how the location of polyurea coating with respect to the loading direction and the thickness of polyurea coating a ect the blast resistance performance of steel plates. In addition, the dependence of the deformation and failure of test plates on the stando between the charge and the steel plate also discussed in this paper.
Experimental Setup
During the tests of the e ects of the coating location (front versus back) and the coating thickness, the nal deformations of steel plates coated and uncoated with polyurea were compared as the evaluation criteria after blast tests.
Test Plate
2.1.1. Materials. A3 grade steel was used as the substrate plates due to its availability; its mechanical properties are presented in Table 1 .
Polyurea is readily synthesized from aromatic or aliphatic isocyanates with chemical functionality of oligomeric diamines [16] , which could be easily mixed and sprayed onto the surface of a metal like steel. e plates had been prepared by grit blasting to remove the surface metal rust and then covered with an epoxy primer to enhance the adhesion between metal and polyurea. e polyurea was sprayed onto plates, cured at room temperature, and stored at room temperature for at least one week to ensure stability of the material.
e polyurea samples used in this experiment were provided by Qingdao Shamu International Trade Co. Ltd, China. e physical and mechanical properties of the polyurea are listed in Table 2 , and the stress-strain characteristics of the polyurea under high strain rates are plotted in Figure 1 .
In Figure 1 , the tensile deformation process of polyurea contains three deformation characteristics: an initial linear elastic region corresponding to small deformation; a transitional region of the started yielding; and a viscoplasticity region before fracture. e stress-strain behavior of polyurea at high strain rates exhibits nonlinear and rate dependency. It was also investigated by other researchers [17, 18] .
Test Plate Preparation.
According to the test requirements, the thickness of the coating polyurea layer on the steel plate was equal to or twice more than the thickness of the substrate plate. In the experimental tests, the thickness of the steel plate was 2 mm; thus, the thickness of polyurea coatings was 2 mm and 4 mm.
It should be noted that, due to spray inhomogeneity, the thickness of the polyurea coating was not as precise as the thickness of steel plates. e average value of the thickness at the center of polyurea coating and at its edges was usually considered as the coating thickness.
e calculated areal density of the coatings on the test plates is listed in Table 3 . e experimental tests were carried out in a water pool, and the experimental test site layout is shown in Figure 2 . e length and width of the pool was 2 m × 2 m, and the depth of water was 2 m. e experimental test setup was hanged in the center of the pool, and the charge was 1 m below the free water surface.
e test plate was xed on the test rig with bolts as shown in Figure 3 . e dimensions of test plates were 0.5 m × 0.5 m, with a test area of 350 mm × 350 mm used for the experiment. e details of the plates for blast tests and stando are listed in Table 4 . e long steel rods were used to x charge on the opposite side of the test plate. e wires tied to the long steel rods could be moved to achieve an appropriate distance between the charge and the test plate.
In each blast test, 10 g cylindrical charge of RDX was suspended in front of the center of the plate to reduce the plate boundary e ects. An electronic detonator located centrally in the charge was used for ignition.
Results and Discussion
e tasks of the experimental tests were the e ect of the stando distance, coating location (front versus back), and coating thickness on the substrate deformation.
e deformations of the substrates were measured after the test plates unbolted from the test rig.
Bare Steel Plates at Di erent Stando .
e deformation and damage of bare steel plates at di erent stando are presented in Table 5 . In addition, the deformations of each test plate along the width direction are plotted in Figure 4 .
e maximum deformation of the test plate increased as the distance between the charge and the surface of the test plate decreased, and the local variation in deformation increased obviously.
Once the stando becomes less, much more energy generated by the charge a ected on the test plates, and the degree of test plate deformation increased. e test plates even ruptured, just like test no. 6.
As presented in Figure 5 (a), test no. 5, at the 10 mm stando , the plate did not rupture and just have got dishing deformation. While in test nos. 6 and 7, both at 8 mm stando the test plates ruptured with a crack or broken into three petals as shown in Figures 5(b) and 5(c), respectively.
According to the results of test no. 6, we assumed that the deformation value at this stando is the de ection limit for this thickness plate, and it may be considered as a reference value. us, the 8 mm gap between the charge and the plate, which was in test no. 6, was determined as the appropriate stando distance in the subsequent tests. Table 6 shows the deformation test results of the substrate plates with and without polyurea. Besides, the data on relative reduction in deformation of the coated plates with respect to bare plates are also presented in Table 6 . e thick (4 mm) and thin (2 mm) polyurea coatings, whether on the front or back surface of steel plates, reduced about 40% and 30% of the de ection deformation, respectively, while the areal density increased by only 27% or 13%.
Steel Plates Coated with Polyurea.
e bare steel plates undergo elastic-plastic deformation under explosive loading, and they rupture once the deformation exceeds the ductility limit of the material. e coating mitigates the fracture or reduces the deformation of substrate e ectively, regardless of whether it is deposited on the front or rear face. It was also found that once the thickness of polyurea coating increased, the maximum Advances in Materials Science and Engineeringde ection decreased.
erefore, the coating thickness increase is e ective for steel plate protection at underwater explosion tests.
As shown in Table 6 , in both cases of 2 mm and 4 mm coating thickness, the steel plates with polyurea coated on the front surface performed better than those covered on the rear face at blast tests. e details are discussed below.
Steel Plates with Polyurea Coated on the Front
Surface. Figure 6 presents the front faces of two plates coated with di erent thicknesses of polyurea on the front surfaces. A circular torn hole appeared near the center of each plate. e polyurea coatings disconnected from the steel plate surface and showed a circular debonded area at the center of the plates. e areas surrounded by black dotted lines in Figure 6 are the places where the polyurea layer was totally separated from the plates. e average diameter of the unbonded area was about 260 mm for thin polyurea coating (2 mm), while for thick polyurea coating (4 mm), the value was 210 mm.
e deformation of the steel plate with thin coating (2 mm) was larger than that of the plate coated with thick polyurea (4 mm) as shown in Table 6 ; thus, the gap between the thin polyurea coating (2 mm) and the steel plate was longer due to the elastic recovery of polyurea. And that may result in a larger debonding area. 
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Steel Plates with Polyurea Coated on the Back
Surface. Figure 7 presents the back faces of two test plates coated with polyurea of different thicknesses on the back surface. Unlike the damage of polyurea coated on the front surface of steel plates, the polyurea that covered on the back surface of plates not only separated from the substrate plate but also cracked or even fallen off a large-scale area after the blast test. In particular, 4 mm polyurea layer coating completely broken off from the substrate and broke up into several small fragments. In Figure 7 (c), there is a hole in the center of the fragment, which may be caused by the initial shock wave. In general, the fracture of polymer contains brittle fracture and ductile fracture.
e brittle fracture usually occurs at the elastic phase, and the fracture cross section is relative smooth without ductile deformation, as shown in Figure 7 , whereas the ductile fracture mainly occurs at the plastic or viscous phase, and the cross section shows coarse with obvious ductile deformation. Advances in Materials Science and Engineeringere were two main reasons for the debonding effect and the large area broken off after blast tests in Figure 7 .
e first one was that the bonding strength between the polyurea material and the substrate was not very strong. Once the initial shock wave impacted on the polyurea, the polyurea layer would separate from the back of the substrate easily. e second one was that the elongation of the polyurea was limited. Once the polyurea layer delaminates from the bilayer structure, it could not be compressed by the impact loading; thus, its stiffness would not increase. Under high strain rate loading, the polyurea would crack at its elastic deformation stage because of low stiffness.
e above two reasons could also explain why the protective effect of polyurea coated on the back face of the substrate plate was weaker than that of polyurea coated on the front surface, which was different from other researcher's experimental results [12, 13] . If the interface bonding strength was strong enough, the initial shock wave would not pull the polyurea layer off from the back of the substrate. Instead, the compressive wave could increase its stiffness. e polyurea would not crack easily under high strain rate and could capture and dissipate a large amount of blast energy because of its viscoelasticity [19] . In addition, the compressive polyurea layer could also increase the bilayer structure's tangent modulus, delaying the onset of the necking instability [19, 20] ; once the polyurea separated from the back of the substrate because of weak interface bonding strength, it would fracture easily and only dissipate a small part of shock loading energy. us, a large amount of energy would impact on the substrate, which resulted in a big deformation.
Besides, when the polyurea was sprayed on the loading direction face, the actual distance from the substrate to the charge was larger due to the presence of the polyurea layer.
is may be also a reason for the different deformation of substrate plates.
Conclusions
Underwater explosion tests were carried out to investigate the protective effect of thin steel plates coated with the polyurea layer. e deformation or rupture of a bare steel plate is sensitive to the standoff distance. erefore, it was necessary to select a suitable standoff as a reference in the experimental tests. Whether coated on the front or rear face of the plate, polyurea could provide significant blast resistance protection for the steel substrate with just a small areal density increase. Increasing the thickness of the polyurea layer on thin steel plates is helpful in reducing the deformation of the test plates at blast tests.
In addition, it was found that the effect of the front coating on mitigating the deformation of the plate is slightly better than the back coating, which is different from other researcher's experimental results.
e bonding strength between the substrate and coating and the material properties of the polyurea under high strain rate may be the main reasons for different experimental results.
More studies should be carried out in future to investigate the influence of these factors.
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